Conventional biochemical analysis mainly focuses on the expression level of cellular proteins from entire cells. However, it has been increasingly acknowledged that the subcellular location of proteins often carries important information. Analysis of subcellular proteins conventionally requires subcellular fractionation which involves two steps: cell lysis to release proteins and high-speed centrifugation to separate the homogenate. Such approach requires bulky and expensive equipment and is not compatible with processing scarce cell samples of limited volume. In this study, we apply microfluidic flow-through electroporation to breach cell membranes and extract cytosolic proteins selectively in a single step. We demonstrate that this approach allows monitoring the translocation of the transcription factor NF-kB from the cytosol to the nucleus without the need of subcellular fractionation. Our technique is compatible with the processing of samples of various sizes and provides a simple and universal tool for bioanalytical analysis and spatial proteomics.
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The 23 000 human protein-coding genes give rise to a far larger number of functional proteins due to alternative splicing and posttranslational modification. To further add to the complexity, proteins also vary in their temporal and spatial organization. Regulatory proteins such as kinases, phosphatases and GTPases often exist in low copy numbers and function only at specific subcellular locations. For example, kinases frequently move from one subcellular compartment to another (e.g. from the cytosol to the plasma membrane, or from the cytosol to the nucleus) as a consequence of their phosphorylation and activation. [1] [2] [3] Many transcriptional factors are translocated to the nucleus in response to extracellular stimuli where they bind to DNA and regulate gene transcription. 4 Thus, the study of cellular proteins in the context of their subcellular locations is important for understanding their cellular functions. Furthermore, studying a specific subcellular proteome is often a practical means to reduce the complexity of the eukaryotic cell proteome allowing the characterization of an entire proteome to become more feasible.
5,6
Focusing on proteins from a particular subcellular location ensures that proteins with low copy numbers do not get overshadowed by those of high abundance. Subcellular fractionation, or the separation of cellular homogenate into fractions representing different subcellular compartments, is the most common method for preparing subsets of proteins from different locations.
5 Subcellular fractionation involves two steps: disruption of the cellular organization, typically by physical homogenization or chemical lysis using detergents, followed by differential centrifugation. 7 Physical homogenization methods such as mechanical disruption, liquid homogenization, freeze/thaw cycles and manual grinding lack reproducibility and often result in the incomplete release of proteins. Chemical lysis introduces detergents or reagents that often interfere with downstream analyses by tools such as mass spectrometry. The centrifugation process separates various subcellular fractions based on their physical properties (e.g. the particle size). Centrifugation can be labor-intensive and require bulky and expensive equipment especially when applied to largevolume samples. The process is also difficult to scale down for handling of samples of small volumes.
In this study, we report a simple method to disrupt the cell membranes and release selected intracellular proteins from a specific subcellular location in a single step. We use a high electric field to generate pores in the plasma membrane (i.e., electroporation) and to mobilize intracellular proteins into the surrounding solution. We show that such protein release under the electric field is highly dependent on the protein's subcellular localization: cytosolic proteins are much more readily released than nuclear proteins. We demonstrate using this approach to track the translocation of the transcriptional factor NF-kB from the cytosol to the nucleus over time without subcellular fractionation. Our technique employs a simple microfluidic flow-through electroporation device that offers the capacity to process a wide range of sample sizes and is generally applicable to studies involving subcellular fractions of intracellular proteins.
Electroporation is a simple physical method to breach the cell membrane barrier by applying a strong external electric field. 8 It is well established that electroporation generates nanoscale pores in the membrane of cells that allows intracellular molecules to be released into the surrounding solution.
9-13 However, the dependence of such release on subcellular location has only recently started to be understood and appreciated.
14 In this study, we examine the relationship between the electroporative release of intracellular molecules and their subcellular locations and how such relationship can be exploited for selective analysis of subcellular proteins. Fig. 1 shows the flow-through electroporation device used in this study. The cell sample flowed through a microfluidic channel with alternating wide ($800 mm wide) and narrow ($100 mm wide) sections while a constant DC voltage was established across the channel. As we demonstrated previously, 15, 16 in such a flow-through electroporation device, the local field intensity is inversely proportional to the width of the section. Thus, electroporation occurs exclusively in the narrow sections due to the significantly higher field intensity there. Flow-through electroporation has the versatility of handling sample volumes ranging from microlitres to litres, which makes it suitable for multiple applications.
In order to observe release of intracellular proteins from specific subcellular locations, we used p38 as a cytosolic protein marker and the transcription factor Sp1 as a nuclear protein marker. p38 is a small, 38 kDa protein kinase that is localized to the cytoplasm in normal, unstressed cells and Sp1 is an 80 kDa transcription factor that is localized to the nucleus. Both have been used previously as markers of subcellular fractions in DT40 cells.
3 DT40 B cells suspended in electroporation buffer were flowed through the electroporation device. The solution flowing out of the device was centrifuged to generate separate supernatant and pellet fractions. The supernatant contained the intracellular proteins released into the solution by electroporation and the pellet contained the cellular ''remains''. Cells after electroporative release are mostly in one piece with their nuclei enclosed within the plasma membrane, as shown in ESI, Fig. S1 †. We examined each fraction using SDS-PAGE and Western blotting analysis and the percentage of each protein (p38 or Sp1) present in the supernatant was calculated under specific electroporation conditions (by assuming that the protein in the supernatant and the pellet together equaled 100%). As shown in Fig. 2 , with an electroporation duration (the total residence time in the narrow sections) of 100 (Fig. 2a) or 50 ms (Fig. 2b) , the release of both proteins into the solution increased with the electroporation field intensity (in the narrow sections). p38 was substantially more susceptible to electroporative extraction than Sp1 due to the difference in subcellular location. The data in Fig. 2 show that flowthrough electroporation provides a significant differentiation in terms of its extraction of cytosolic and nuclear proteins. For example, with field duration of 50 ms and field intensity of 400 V cm
À1
, we were able to release 18% of the cytosolic p38 without extracting the nuclear Sp1. Alternatively, with a field duration of 100 ms and field intensities >600 V cm
, nearly all cytosolic p38 was released into the supernatant and only a small percentage (25%) of the nuclear Sp1 was released. It is worth noting that due to the semi-quantitative nature of Western blotting, the sum of the supernatant and pellet bands can vary up to $20% among different experiments.
We are able to track intracellular protein translocation using our approach without the need for subcellular fractionation. Protein translocation refers to the change in the subcellular localization of a protein without alteration in its overall expression level. Studies involving protein translocation require analysis and quantification of subcellular protein contents. NF-kB is a family of dimeric transcription factors that regulates cellular stress responses, cell division, apoptosis, and inflammation. 4, 18, 19 Signals from extracellular stimuli (e.g. TNFa, IL-1, LPS and DNA-damaging agents, etc.) induce NFkB to translocate from the cytoplasm to the nucleus via phosphorylation and degradation of its cytoplasmic inhibitor IkB. Such process was previously studied in microfluidic devices using fluorescence imaging when the protein of interest was tagged with a fluorescent protein marker. 20, 21 This translocation process has also been routinely studied by the combination of subcellular fractionation and Western blotting. Using our flow-through electroporation technique, we found that in general cells stimulated by IL-1b (that induced NF-kB translocation to the nucleus) retained more NF-kB after electroporation (as shown in ESI, Fig. S2 and S3 †) , as expected. The difference in the electroporative release between the stimulated and unstimulated populations was small when the electroporation field intensity was 600 V cm À1 or lower but became very significant at field intensities 800 and 1000 V cm À1 (ESI, Fig. S3 †) . We then used 800 V cm À1 and 50 ms for the electroporation and based on Fig. 2b most cytosolic fraction (e.g. $89% for p38) would be released into the supernatant together with a small percentage (e.g. $21% for Sp1) of nuclear proteins. In this case, the intracellular molecules extracted into the supernatant closely resemble the protein composition in the cytoplasm and the pellet fraction is very similar to the nuclear composition. As shown in Fig. 3 , by analyzing the supernatant and pellet fractions generated by flow-through electroporation, we clearly observed the progress of NF-kB translocation from the cytosol to the nucleus over time after cell stimulation by IL-1b. This confirms that our approach provides the differential extraction required by subcellular protein analysis.
It needs to be noted that centrifugation, although used in the procedure to separate the supernatant and the pellet, is not an Fig. 1 The layout of the electroporation device used for the selective release of intracellular proteins. The geometry of the wide sections is shown in the inset image. Each narrow section is 2.8 mm long and the channel has a depth of 60 mm. The inset images show that cells are mostly in one piece after electroporation. ) for 100 (a) or 50 (b) ms was analyzed by Western blotting (upper panels). The percentage of p38 and Sp1 in the supernatant fraction (calculated based on three trials of Western blot analysis) at different field strengths for electroporation of 100 (a) and 50 (b) ms is shown in the lower panels. The difference between the two data points is statistically significant with P values less than 0.05 (*) and 0.01 (**).
essential requirement for our method. Filtration that removes the cellular remains can achieve similar results. Depending on the studies, the supernatant, which has very similar protein composition to that of cytosolic proteins, can be used alone (after removal of cellular remains) for analysis if a simpler procedure is desired. Furthermore, assays other than Western blotting can be coupled with the protein extraction. Finally, the optimal electric parameters for the electroporative extraction are likely specific to the protein under investigation and the cell type. We envision that this technique will provide a simple and general solution to sample preparations involved in subcellular biochemistry and spatial proteomics studies. Fig. 3 Tracking of NF-kB translocation from the cytosol to the nucleus over time. The intracellular proteins were extracted by flow-through electroporation and the supernatant and pellet fractions were analyzed by Western blotting after stimulation of CHO/GFP-NFkBp65 cells by IL-1b for different periods of time. We used 800 V cm À1 and 50 ms for the electroporation.
